The results enable comparison with calculations for nonspherical particles.
Introduction
Physics of resonances with Solar System planets is discussed mainly during the last three decades. The orbital evolution of meteoroids near resonances with planets was also investigated. Besides gravitational forces the effect of solar electromagnetic radiation in the form of the Poynting-Robertson (P-R) effect is usually taken into account (Robertson 1937 , Klačka 2004 , see e. g., Jackson and Zook (1992) , Weidenschilling and Jackson (1993) , Marzari and Vanzani (1994) , Šidlichovský and Nesvorný (1994) , , .
The aim of our contribution is detail analytical reconsideration of the influence of the P-R effect on a meteoroid which can become trapped in commensurability resonances with a planet. As a motivation we can introduce that Weidenschilling and Jackson (1993) yields for theoretical minimal value of eccentricity at the beginning of capture the value 0.2976 for dust particle with β = 0.01 in resonance 2:1 with the Earth, while our simulations show that real values may be even less than 0.1. Detail conditions for trapping in the planar circular restricted three-body problem with action of solar electromagnetic radiation on a spherical grain (P-R effect holds) are presented. We concentrate on real values of orbital elements -width of semimajor axis in resonance, minimal values of eccentricities at the beginning of capture, and, capture time. We use two types of osculating orbital elements: the first type is defined by solar gravity alone, the second type considers simultaneously solar gravity and dominant part of solar radiation pressure-term. Results presented in this contribution may serve for comparison of the results obtained for spherical and nonspherical dust particles (meteoroids), since P-R effect holds only if a special condition is fulfilled (see Eq. (120) or Eq. (122) in Klačka 1992a; compare Eqs. (40) and (48) 
where r is position vector of the particle (with respect to the Sun) and r P is position vector of the planet which moves in circular orbit around the Sun; m P is mass of the planet, M ⊙ is mass of the Sun, m is mass of the particle/meteoroid, A ′ = π a ′2 , a ′ is radius of the spherical particle, Q ′ pr1 is dimensionless efficiency factor (for more details see Eqs. (9), (10) 
), for homogeneous spherical particle in the Solar System, ̺ is mass density and s is radius of the sphere). Planar motion will be considered.
We use two types of osculating orbital elements. The first type is defined by solar gravity alone: central acceleration − GM ⊙ e R /r 2 is used in calculations of orbital elements.
The second type of osculating orbital elements considers solar gravity and dominant part of solar radiation pressure-term, simultaneously: central acceleration
e R /r 2 is used in calculations of orbital elements and the corresponding quantities will be denoted with a subscript β.
Perturbation equations of celestial mechanics
Rewriting Eq. (1) into the form
we can immediately write for perturbation acceleration to Keplerian motion
Perturbation equations of celestial mechanics yield for osculating orbital elements (a β -semi-major axis; e β -eccentricity; i β -inclination (of the orbital plane to the reference frame); Ω β -longitude of the ascending node; ω β -longitude of pericenter; Θ β is the position angle of the particle on the orbit, when measured from the ascending node in the direction of the particle's motion, Θ β = ω β + f β ):
where µ ≡ GM ⊙ and r = p β /(1 + e β cos f β ); F β R , F β T and F β N are radial, transversal and normal components of perturbation acceleration.
P-R effect and perturbation equations of celestial mechanics
This subsection follows considerations presented in Klačka (2004 -Sec. 6.1), or, in Klačka (1992b . On the basis of Eq. (3), we can immediately write for components of perturbation acceleration to Keplerian motion:
where µ ≡ GM ⊙ , r = p β /(1 + e β cos f β ) and two-body problem yields
Inserting Eqs. (5) - (6) into Eq. (4), one easily obtains
3.2. Gravity of planet and perturbation equations of celestial mechanics
As for gravitational acceleration generated by planet (F β ) G presented in Eq. (3), we can write (compare Eqs. (44) in Klačka 2004 for the case i P = Ω P = ω P = 0 and Eqs. (57) in Klačka 2004) r P = r P e P R , r = r e R , e P R = (cos Θ P , sin Θ P , 0) ,
Inserting Eqs. (8) 
In order to obtain (da
Eqs. (4).
Exterior mean motion resonances and da β /dt
We will consider only terms proportional to e 0 β and e 1 β , i. e., we will neglect e 2 β and higher orders in e β . First of Eqs. (4) can be written in the form
On the basis of Eqs. (9) we write, then (µ P ≡ Gm P ):
for radial and transversal components of gravitational perturbation acceleration.
A particle is in exterior mean motion resonance with a planet when the ratio of their mean motions is the ratio of two small integers: n β /n P = j/(j+q) corresponds to q−order exterior resonance. For the first-order resonances we have n β /n P = j/(j + 1), i. e., any first-order resonance may be defined by the ratio T /T P = (j + 1)/j.
As for commensurability resonances with a planet moving in the circular orbit, the
for the semimajor axis and period of revolution around the Sun of the particle and the planet (subscript P ). Defining any resonance by the ratio T /T P , Eq. (12) yields immediately the ratio a β res /a P .
On the basis of Eqs. (11) we can write for the important resonant terms
Using the relation
Eq. (13) we immediately rewrite to the following form:
where we have introduced also the known relation which is important to take into account.
For the first-order exterior mean motion resonance Eq. (12) reduces to
Eqs. (10), (13) and (15) yield for the first-order exterior resonance (j + 1) : j
where µ P /µ = m P /M ⊙ ; the resonance variable φ = (j + 1)Θ β − jΘ P − ω β . In Eq. (17) we introduced the same notation as is used in Weidenschilling and Jackson (1993) for the purpose of simple comparison: 2RES/(µ P e β /a 2 β ) = − (j + 1) C j sin φ, φ = (j + 1)λ β − jλ P − ω β , where λ β is the mean longitude of the particle and λ P is the mean longitude of the planet: dφ/dt = (j + 1)n β − jn P − dω β /dt. Eqs. (15) and (17) yield, e. g.:
2)C 2 = (39/8)ε 2 + (95/32)ε 4 + (2625/1024)ε 6 + (9765/4096)ε 8 + (299145/131072)ε 10 + ..., etc.; we repeat that ε ≡ r P /a β ≡ a P /a β res and it is given by Eq. (16).
Neglecting higher orders of eccentricity e β , the first of Eqs. (7) yields
Eqs. (3) and (4) give
Exterior resonances can produce long-lived trapping: da β res /dt = 0. On the basis of Eqs. (17), (18) and (19) we can write
Relation n β = n P j/(j + 1) and the last one of Eqs. (8) yield n β = √ µ
. Using this result and also Eq. (16) in Eq. (20),
. (21) Eq. (21) immediately yields criterion for resonant trapping:
(e β ) min = 4 + 1 2
As an example we may introduce e β min for the case of meteoroid with β = 0.01 and its motion in resonance 2:1 with the planet Earth: Eq. (22) and the value C 1 ≈ 2.65 yield e β min ≈ 0.07. Neither the value of C 1 , nor the value of e β min correspond to values offered in Weidenschilling and Jackson (1993) (their value presented in Table I is C 1 = 0.894 and the theoretical value obtained from their Eq. (14) is e β min ≈ 0.298).
The most important results obtained by computational simulations
We have numerically solved Eq. (1) for various values of β and for various initial conditions. The most important results are presented in Tables 1 and 2 Tables 1 and 2 represent extremal values: capture time and the minimum and maximum of semimajor axis are obtained for the same meteoroid, while minimum eccentricity for capture into a resonance may be obtained from another meteoroid captured in the same resonance. In general we can say that eccentricity e β may be:
i) an increasing function of time for initially small values of e β , ii) decreasing function of time (except a relatively short time interval at the end of a resonance) if eccentricity e β for capture in the resonance is large enough,
iii) practically constant function of time, for a long time intervals. The greater value of the initial minimal eccentricity of the trapped meteoroid, the shorter capture time in the resonance.
Conclusion
We have presented detail analytical theory for trapping of a dust particle (meteoroid) in exterior mean motion resonances with a planet. Approximation of the planar circular restricted three-body problem with action of solar electromagnetic radiation on a spherical grain is used. We have used correct physical approach as for both gravitational and nongravitational forces. As a consequence, our results are different from those obtained by Weidenschilling and Jackson (1993) . Eq. (22) yields e β min ≈ 0.07 for the case of a meteoroid with β = 0.01 and its motion in resonance 2:1 with the planet Earth. The theoretical value e β min ≈ 0.07 is consistent with the value e β min = 0.101 obtained by us in numerical computations (see Table 1 ) -it is also immediately seen the advantage of analytical approach. However, the computational value e β min = 0.101 is not consistent with the value e β min = 0.298 obtained from Eq. (14) in Weidenschilling and Jackson (1993) . Eccentricity e β may not be an increasing function of time on large timescales.
[The most simple approximation of the solar wind effect only simply modifies Eq. (22): the factor 1/β has to be replaced by the factor 1/[
The theoretical value is e β min ≈ 0.07. However, our extensive computational simulations have yielded as the minimum value e β min = 0.101. Although this numerical value is not in contradiction with our theory, it points out to one important fact. Since the capture time for a given resonance and a given β is (approximately) greater for smaller e β min , there is low probability to find captures with very large capture times. Thus, even if we would succeed in finding approximate probabilities of captures (for a given resonance and a given value of β) by computational simulations, this may not enable us to draw any conclusion on prolongation of spiralling of a complex of dust grains toward the Sun. Average capture time is important for such a physical consideration; this may hold also for other analogous situations.
Our numerical computational results offer several resonant characteristics for β−values 0.01 and 0.05 for the first-order exterior resonances with the Earth; capture times for β = 0.1 are in order of magnitude shorter than for β = 0.05. We have succeeded in finding greater values of capture times than it is presented inŠidlichovský and Nesvorný (1994); however, our analytical approach suggest that even greater values of capture times exist in reality. Two types of osculating orbital elements are used: the first type is defined by solar gravity alone, the second type considers simultaneously solar gravity and dominant part of solar radiation pressure-term. The relation between them is consistent with theoretical considerations presented in Klačka (2004) .
The presented values can be useful in comparison of resonant evolution for spherical and nonspherical meteoroids. Our results, based on the P-R effect, can be used for spherical particles, only. Real nonspherical particles may exhibit nonzero values for other two components of the radiation pressure efficiency factor vector Q 
